Introduction
Polymers possessing rubber-like elasticity, known also as elastomers, have been extensively studied for their use in the design and development of drug delivery systems [1] [2] [3] [4] [5] [6] and other tissue engineering applications [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Elastomers possess many advantages over other synthesized tough polymers. Their mechanical properties can be designed to make them as soft as body tissues; they have the ability to withstand the mechanical challenges upon implantation in a moving part of the body and they can also be designed to possess a three-dimensional structure with uniform degradation pattern which make them well suited for various biomedical applications [6, 18] .
Biodegradable elastomers can be classified according to their synthesis and thermo-mechanical properties into either, thermoplastics [8, 9, 12] or thermosets [1, 7, 10] . Thermoplastics possess the advantage of being easy to fabricate, but due to their non-amorphous nature they tend to degrade heterogeneously leading to rapid nonlinear loss of their mechanical properties and subsequently leading to significant deformations in their structure. On the other hand, thermosets are not as easy to fabricate but they outperform thermoplastics with uniform biodegradation, better durability and mechanical properties. This made thermosets as a preferable choice for controlled drug delivery and tissue engineering applications.
Various approaches have been reported in literature to prepare thermoset biodegradable elastomers. Such approaches depended mainly on the chemical and physical nature of the monomers utilized and the chemical reaction involved which included but not restricted to polycondensation [19, 20] , polyaddition and the commonly utilized ring opening polymerization [21, 22] . Polyester based thermoset elastomers are among the most common types of elastomers sythesized for drug delivery and tissue engineering applications as they are biodegradable, copolymers of poly (D, L-lactide) (PDLLA) and poly (!-Caprolactone) (PCL) followed by preparation of a set of biodegradable polyester based elastomers by utilizing ring opening polymerization initiated by glycerol [23] . Another recently reported approach to synthesize polyester diol based thermoset elastomers, comprised the reaction of aliphatic diols, which contain free alcoholic hydroxyl groups, with acids that possess free carboxylic acid groups via polycondensation reactions. Poly (alkylene-tartrate) (PAT), poly (glycerol-sebacate) (PGS) and poly (diol-citrate) (PDC) were most reported examples of such elastomers prepared. [8, 9, 12, 24] . Tri-carboxylic acids were favored in the preparation of such elastomers as they result in formation of start like prepolymers which facilitate the synthesis of thermoset elastomers [9, 11, 12, 24] .
Our research laboratory has previously reported on the fabrication and characterization of photocrosslinked poly (diol-tricarballylate) (PDT) based elastomers utilizing a process that involved either visible light or UV light photopolymerization and a solvent free strategy of drug loading [6, 16, 18] . The use of these PDT based elastomers in cardiac tissue engineering applications was also recently reported [17] . Those elastomers were optically transparent, exhibited controllable mechanical properties, and proved to be amorphous with glass transition temperatures below physiological body temperature, making them suitable as elastomeric implants in vivo. Nonetheless, despite their numerous advantages, the process of their fabrication involved several steps of synthesis and purification to remove the traces of photoinitiators and catalysts to maintain their excellent reported biocompatibility [16, [25] [26] [27] [28] .
We selected tricarballylic acid (propane-1,2,3-tricarboxylic acid) (TCA) and the aliphatic diols as building blocks for the fabrication of these elastomers since TCA is one of the simplest classes of aliphatic acids, it is water soluble, and abundantly present in food products and possesses structure TCA was reacted with aliphatic diols of varying chain lengths via a polycondensation reaction. A representative synthesis process of poly (1,10-decanediol-co-tricarballylate) (PDET) is described here. Into a glass ampule, an amount of 8.91 g of 1,10-decanediol (0.051 mole) and 6 g of TCA (0.034 moles) were added and mixed. The mixture was heated at 140 o C for 20 minutes with vortex mixing until complete melting. The reaction was then continued for 2 hours under 10 inHg vacuums at 80 o C to prepare the PDT based prepolymers. The prepolymers were poured either into a glass dog-bone shaped mold or in a glass petri dish and left in the oven at 120 o C for 18 hours under 5 inHg vacuums to complete the crosslinking process. The X-ray diffraction analysis (XRD) of the monomers' powders and the crosslinked fabricated 136 elastomers was carried out using X-ray diffractometer (D8 Advance, Bruker Co., Germany) 137 employing CuKα radiation source. A 1 o divergence slit was used to analyze between the 2θ range 
Structural Characterization

Fourier Transform-Infrared 141
Fourier Transform-Infrared (FT-IR) spectra of the prepared PDT based prepolymers and 142 elastomers were obtained at room temperature using Jasco ® FT/IR-4200 (Jasco Inc., Japan) 143 infrared spectrometer equipped with ATR PRO470-H attenuated total reflection accessory unit, 144 over the wavelength range of 4000-400 cm −1 . The spectra were collected with a resolution of 4 145 cm -1 and a scan number of 32 using a DLA-TGS detector. 
Proton Nuclear Magnetic Resonance 147
Proton Nuclear Magnetic Resonance ( 1 H-NMR) spectra for the prepared prepolymers were 148 recorded at room temperature on a Bruker Ascend ® 600 MHz NMR spectrometer (Bruker Co.,
149
Germany). The samples were dissolved in deuterated acetone containing 0.1% (v/v) 150 tetramethylsilane) in a 5 mm diameter NMR tubes for analysis. The chemical shifts in parts per 151 million (ppm) for the 1 H-NMR spectra were referenced relative to tetramethylsilane (TMS, 0.00 152 ppm) as the internal reference. Seelbach, Germany) shaking water bath at 37 o C and 70 rotations per minute for up to 4 weeks.
202
The buffer was replaced daily to ensure a constant pH of 7.4. After 1, 2, 3 and 4 weeks, the swollen 203 weight (W2) and dried weight (W3) were measured after wiping the surface water with filter paper 204 and after vacuum-drying at 50 o C for 2 days, respectively. The tensile properties of the degraded 205 samples at these intervals were also measured. The results reported as the mean ± SD of three 206 measurements.
207
The water absorption and weight loss calculations were measured as follows: PDET scaffolds, as a representative member of the tested PDT based elastomers were subjected to long-term cytocompatibility study over a period of 3 weeks following the same above protocol with the exception that the incubation medium was replaced every 48 hours with a fresh medium. Cells viability was quantified following the MTT 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide assay protocol as reported by us earlier [18] . Results were recorded as percentage absorbance relative to the incubated control cells only. The cytotoxicity assay results were used to calculate cell viability after incubation with elastomer as follows:
Cell viability (%) = [A]/ [A]C x 100
Where [A] is the absorbance in a well containing the elastomer sample and [A]C is the mean absorbance for control cells. Results reported as the mean ± SD from three replicates of the PDET elastomer preparation.
Results & Discussion
238
The synthesis of the elastomers (Fig. 1 ) was achieved through utilization of a polycondensation 239 reaction that was accompanied by a loss of water molecule to form a polyester. The synthesis was 240 carried out at different temperatures according to the stage of the preparation. In the prepolymer 241 preparation stage; TCA was added to the aliphatic diol in a glass ampule and heated at 140 o C for 242 20 minutes until complete melting of the mix. The use of this relatively high temperature was to 243 ensure complete melting of the acids and the diols, to initiate and facilitate the polycondensation 244 reaction. The prepolymer synthesis continued later at 80 o C and 10 inHg vacuum for two hours. At this stage, the prepolymer (i.e. polymerized but un-crosslinked) obtained was viscous but pourable, transparent, clear and colorless to faint-yellow in color. Those PDT prepolymers were capable to be processed to various shapes by melting or dissolving in organic solvents.
During the elastomer preparation stage, the prepolymers were poured in the desired molds and left in a vacuum oven at 120 o C and 5 inHg vacuums for 18 hours to undergo the thermal crosslinking process. The molds used were either glass petri dishes to prepare elastomeric films, which were cut afterwards into circular discs, or customed glass dog-bone shaped molds to prepare dog-bone shaped elastomeric specimens, which were subjected to mechanical testing. The prepared crosslinked thermoset PDT based elastomers (Table 1) , as with other chemically crosslinked polymers, were neither soluble nor meltable. They were also stretchable, rubbery, and they tend to swell rather than dissolve when placed in organic solvents.
The thermal analysis of the prepolymers showed that PHT and POT were amorphous while PDET and PDDT were crystalline. The Tg of the prepared prepolymers are listed in Table 2 . After complete the crosslinking process took place, the elastomers converted to the amorphous state with no endothermic peaks detected. As reported, all the prepared elastomers possessed Tg temperatures below 37 o C which indicated that they will be in their rubbery state at body 267 temperature.
268 Table 2 269 Thermal data of PDT prepolymers and elastomers using DSC analysis. Tm The thermal behavior of the PDT prepolymers can be explained as follows: as the number of the methylene groups in the polymer chain increases, the molecular weight also increases, resulting in an increase in both the Tg and the degree of the polymer crystallinity. This is consistent with what was reported earlier concerning the increase in Tg and crystallinity for an aliphatic polyester upon the increase in the number of methylene groups in their backbone chain length [32] .
Following crosslinking and the formation of the elastomer, the crystallinity of the prepolymer disappears. This can be explained by the fact that at the prepolymer state, there exists some loose represented the carbonyl group of the formed ester. The bands at 1300-1000 cm -1 were attributed to C-O stretching vibrations. All these absorptions bands remained the same in the elastomer except for the broad peak at 3600-3400 cm -1 which either disappeared or significantly reduced as a result of the consumption of the OH in the polycondensation reaction to form the ester. These results demonstrated the purity of the structure of the prepared prepolymers and elastomers; as all the peaks in the spectra were corresponding to a certain function group in the samples prepared and there was complete absence of any unexpected peaks in the spectra. 327 The 1 H-NMR spectra (Fig. 5 ) of PDET prepolymer is used here as a representative example. The 328 peak at 2 ppm represents the solvent used to dissolve the prepolymer (acetone-d). The peak 329 assigned letter (a) that appears at 1.35 ppm was attributed to the protons of the methylene group 
Proton Nuclear Magnetic Resonance ( 1 H-NMR)
Gel-permeation Chromatography (GPC) 341
The molecular weights of the PDT prepolymers as measured via GPC are listed in Table 3 . As 348 Table 3 349 GPC results of the PDT prepolymers. 
Contact Angle Measurement
372
The contact angles of the PDT based elastomers increased with increasing the number of 373 methylene groups in the monomers' diol. As reported in Table 4 , all the PDT elastomers possessed 374 contact angles below 90 o and as such, tend to be more hydrophilic in nature. This has an impact 375 on the elastomers' cytocompatibility, cell attachment, and growth. Many studies proved that cells These results matched what was reported earlier with other elastomeric scaffolds prepared the photocrosslinking methods and using diverse monomers. The photo-crosslinked elastomers using the same monomers as have been reported by our research group; possessed nearly the same range of sol content. The measurements for the photocrosslinked varied from 8-11%. There is a small difference, as the range expressed here in the thermal crosslinked was between 4.5-9.5%. This is due to the fact that the thermal energy produced much greater crosslinked elastomers with higher crosslinking density than those of the photocrosslinked version of the elastomers [15, 16] .
attach, spread and prefers growing on moderately hydrophilic substances than on hydrophobic or 377 very hydrophilic ones [18, 35] . PHT with the least number of methylene groups in the diol chain The PDT elastomers were subjected to tensile testing to evaluate the effect of the aliphatic diol chain length on their mechanical properties. As shown in Figure 7 , tensile testing of the thermally crosslinked PDT based elastomers produced representative uniaxial tensile-strain curves which are characteristics of typical elastomeric materials. Representative images of PDDT elastomer before and after being tested are shown in Figure 7b . As shown, 100% recovery was obtained for the PDDT elastomer after being stretched to break. Average values of the ultimate tensile stress (σ (MPa)), maximum strain (! (%)), the young's modulus (E (MPa)) and the crosslinking density ("#) are summarized in Table 5 . Values are reported as (mean ± SD) of triplicates of each sample. The analysis was conducted using One-way ANOVA 
414
As the chain length of the elastomer decreases, the crosslinking density increases, resulting in a decrease in ! accompanied by an increase in E. PHT elastomer showed the highest σ and E values which was attributed to the fact that PHT possessed the lowest number of methylene groups in the chain of the diol used in their preparation. As the diol chain length decreased, the "# of the polymer increased, which resulted in the formation of a more crosslinked elastomer that was stiffer and less extensible. On the other hand, increasing the aliphatic diol chain length decreased "# and, therefore, increased ! of the elastomer as in PDDT elastomer which possessed the highest chain length of the diol. It also showed a significant difference in its mechanical properties compared to the other elastomers. This could be attributed to the elastomers' crosslinking density. The differences between the crosslinking densities of the other diols were relevantly minimal with increasing of the diol chain length. However, the PDDT was found to be less than that of the PDET by 80%.
The sol content of the PDDT elastomer was also higher than the other diols which further proves The obtained mechanical properties were in agreement with reports on other researched thermallycrosslinked elastomers such as those based on star copolymers of DLLA-PCL, PAT, PGS and PDC [8, 9, 12, 23, 24] . For example, in a recent work carried out by Khademhosseini and his group, they observed the decrease in tensile strength and increase in tensile strain of PGS from 0.5
MPa and 38% to less than 0. MPa while Ɛ ranged from 16-300% depending on many factors related to synthesis conditions.
The above values of E for PDT based elastomers cover those of many soft tissues, such as muscle 
Changes in the Mechanical Properties during in Vitro Degradation
514
The changes in the mechanical properties ( Fig. 11-13 ) of the elastomers with respect to time during degradation study. These results confirmed that the hydrolytic degradation of these elastomers 523 followed a bulk erosion mechanism. It is only with surface erosion degradation pattern that the 524 elastomers can maintain their mechanical properties unchanged [46] . Moreover, young's modulus 525 ( Fig. 11 ) and ultimate tensile stress (Fig. 12 ) for all the PDT elastomers linearly decreased with 526 time.
527
Through a linear regression of the zero-order degradation kinetics of the data (Fig. 11 and Fig. 12 ) 528 using equations (1) and (2), the rate constants were calculated and listed in Table 6 . The different chain lengths of the PDT elastomers were tested for their cytocompatibility using 565 RENCA-HA cells. Firstly, the scaffolds were tested to see if they have any impact on the pH of 566 the media, which has direct effect on the cells proliferation and growth. The PDT elastomeric discs 567 were added in a 24-well plate with 1 ml serum free medium (i.e. no cells were used) and kept 568 overnight in an incubator. The pH of the media was measured using a litmus paper and the change 569 in its color was compared visually to a color pH standard, as well as a control well plate which 570 holds media only. As presented in Table 7 , not all the scaffolds showed the same effect on pH of Table 6 . Upon degradation, the ester bond is hydrolyzed, releasing tricarboxylic acid which is 574 responsible for the drop in the pH of the medium.
575 Table 7 576
The effect of the different scaffolds prepared on the pH of the media. 
598
Following the long-term cytocompatibility studies on PDET elastomers and as seen in Figure 15a , cells attached were very healthy and maintained their viability over 21 days of incubation. Cells appeared spindle-shaped which is their standard appearance on plastic as undifferentiated cells.
There is however at day 21 some change of phenotype (presence of cuboidal cells) suggesting minor differentiation.
The MTT assay results of the PDET elastomers are shown in Figure 15b We have reported on the successful syntheses and characterization of different biodegradable PDT elastomers using thermal crosslinking. The elastomers proved to be biocompatible with linear and homogenous degradation. The elastomers can be designed with different crosslinking density and degradation time which make them easily tailored to achieve the desired implantation and drug release rates in the design of controlled drug delivery systems and other biomedical and tissue engineering applications. Full long term in vivo biocompatibility and degradation studies in animal
